Biological processes occur on a wide range of spatial and temporal scales: from femtoseconds to hours and from angstroms to meters. Many new biological insights can be expected from a better understanding of the processes that occur on these very fast and very small scales. In this regard, new instruments that use fast X-ray or electron pulses are expected to reveal novel mechanistic details for macromolecular protein dynamics. To ensure that any observed conformational change is physiologically relevant and not constrained by 3D crystal packing, it would be preferable for experiments to utilize small protein samples such as single particles or 2D crystals that mimic the target protein's native environment. These samples are not typically amenable to X-ray analysis, but transmission electron microscopy has imaged such sample geometries for over 40 years using both direct imaging and diffraction modes. While conventional transmission electron microscopes (TEM) have visualized biological samples with atomic resolution in an arrested or frozen state, the recent development of the dynamic TEM (DTEM) extends electron microscopy into a dynamic regime using pump-probe imaging. A new second-generation DTEM, which is currently being constructed, has the potential to observe live biological processes with unprecedented spatiotemporal resolution by using pulsed electron packets to probe the sample on micro-and nanosecond timescales. This article reviews the experimental parameters necessary for coupling DTEM with in situ liquid microscopy to enable direct imaging of protein conformational dynamics in a fully hydrated environment and visualize reactions propagating in real time.
Introduction
Biological cells are dynamic systems comprised of a myriad of multiscale components that perform predefined tasks. Owing to the extraordinary complexity of these systems, scientists have relied on a bottom-up approach for piecing together structural and functional information derived from individual elements to understand the global activity. Ever since the first 3D protein structure was solved in 1958, determining the structure of every protein within a cell has been a central focus of biochemistry [1,2] and this emphasis has yielded more than 84 400 protein structures, using X-ray crystallography, nuclear magnetic resonance and electron microscopy techniques [3] . While conventional X-ray crystallography and nuclear magnetic resonance suffer from limitations of sample size or geometry, fourth-generation X-ray light sources such as the Linac Coherent Light Source (LCLS) have begun to expand the types of samples compatible with analysis by X-rays [4, 5] . Whether individual proteins of average size (4 nm diameter [6]) will be amenable to structural analysis with LCLS remains to be seen; however, electron microscopy has already established its versatility for solving the structure of proteins arranged as single particles or 2D and 3D crystals.
Despite knowing over 80 000 protein structures, countless details regarding how changes in amino acid sequence correlate with variations in structure and function still remain obscure since most structures are typically solved under static conditions. While molecular dynamics simulations can be performed on known structures, the computational results are only models that ultimately need to be verified with additional structural data. Until such validation, the models remain speculative. Of course the optimal temporal resolution needed to identify variations in structure will depend on the type of conformational change that is expected. Intermolecular protein interactions generally occur on temporal scales longer than one ms, while intramolecular conformational changes such as protein domain, hinge-bending and subunit motion occur on the ms to μs timescale [7] . Furthermore, loop or rigid-body motions that can lead to activation or inactivation of a protein's functional state require access to the microsecond to nanosecond timescale [7] . Similarly, the magnitude of structural changes can range from sub-angstrom atomic fluctuations to several-nanometer protein domain motions or larger.
While no single instrument currently exists that can address all relevant temporal and spatial scales for biological processes, the second-generation Dynamic Transmission Electron Microscope being installed at Pacific Northwest National Laboratory has the potential to enhance the temporal resolution possible with electron microscopy and produce direct images of propagating biological reactions. In this paper, we review the recent advances in electron microscopy that will permit dynamic observations of proteins in realistic environments with atomic resolution and micro-to nanosecond temporal resolution. In particular, critical recent developments in the use of liquid stages inside conventional microscopes are described in detail that enable transferring live biological systems into the beam. We also review the expected contrast for imaging such systems and compare it with the state-of-the-art in cryo-EM. Finally, we discuss the modifications in the dynamic TEM (DTEM) (the use of aberration correctors, phase plates and energy filter) that will permit the experiments to be performed with the required spatiotemporal resolution.
Methods
In situ liquid scanning transmission electron microscope (STEM)
Purified ferritin molecules (Sigma Aldrich, USA) were diluted 100-fold in ddH 2 O and 1 μl was loaded into the continuous flow in situ holder as previously described [8] . The in situ liquid stage was subsequently inserted into a JEM-2100F/Cs with a spherical aberration corrector for scanning transmission electron microscopes (STEM) imaging mode. Prior to sample insertion, the microscope was aligned to a 1 Å resolution using the standard Platinum/Iridium calibration sample for the CEOS corrector system. STEM images were collected simultaneously on Bright Field and Dark Field detectors with dwell times of 2 µs per pixel giving rise to single-frame acquisition times of 524 ms for a 512 × 512 pixel image. The STEM probe had an average current density of 30 pA, yielding a dose of 60e -per Å 2 (5 Å per pixel and 2 µs dwell time).
Digital Micrograph (Gatan, Inc., USA) was utilized for all data acquisition.
Image simulations
Bright field electron microscope images of individual apo-ferritin molecules were simulated using the TF SIM operation of the SPIDER software suite [9] using complex atomic scattering amplitudes from the known structure (PDB: 1 aew). Standard values were used for all simulations with C s = 2 mm and defocus = −500 nm for conventional cryo-EM and C s = 0.005 mm and defocus = −50 nm for aberration corrected TEM. Electron diffraction pattern simulations were calculated using modified Crystfel scripts [10] wherein the X-ray-relevant parameters and scattering factors were replaced with electron relevant parameters. Individual bacteriorhodopsin trimers of known structure (PDB: 1 fbb & 1 fbk) were assembled into a model 2D crystal using unit cell parameters of a = b = 63 Å, α = β = 90°and γ = 120°with P 3 symmetry. Owing to the high intensity of low-order reflections, the diffraction patterns were high-pass filtered at a resolution of 3.0 nm to more easily detect differences in the intensities of the high-resolution Bragg spots.
Results

In situ imaging in liquids
Cryogenic electron microscopy (cryo-EM) was developed over 30 years ago to address issues related to biological sample preservation, since it was observed that samples at room temperature suffered severe radiation damage effects that hampered high-resolution imaging. In this method, a sample is rapidly frozen by plunging it into a liquid ethane or propane slurry that is separately cooled by liquid nitrogen [11] . Since the slurry is maintained well below its boiling point, the Leidenfrost effect is avoided and rapid thermal transfer occurs allowing the protein and buffer or water solution to be vitrified. The resulting low-density vitrified ice is non-crystalline and immobilizes the samples in a frozen hydrated state [11] . This method preserves high-resolution components of the protein sample and also provides better tolerance against beaminduced damage during imaging. However, the process of freezing completely negates the possibility of observing dynamics in real time.
In an effort to overcome this limitation, time-lapse cryo-EM was developed using laser flash photolysis, microfluidic mixing, or directed spraying of an aerosol onto a sample-coated grid to trigger a reaction just prior to plunge freezing the grid [12] [13] [14] [15] . Unfortunately, time-lapse cryo-EM solely provides 'snapshots' of processes frozen in time and remains restricted to millisecond temporal resolution. Thus, to permit real-time TEM observations of dynamics that occur on a microsecond or faster timescale such as loop and domain motion, biological samples need to be imaged in a fully hydrated and non-frozen state. This can be achieved using windowed environmental cells where two thin electron transparent membranes create a sample chamber that is isolated from the high vacuum of the TEM [16] .
The concept of a windowed environmental cell for studying biological samples in a wet environment using TEM has been around for more than 75 years [17, 18] . The earliest wet cell used two 500 nm thick aluminum foils [18] to encase the sample and permit wet imaging conditions at a resolution of several hundred nanometers. However, recent applications of windowed environmental cells generally use thin (<50 nm) silicon-based membranes to enclose the sample within a continuous flow capable [16] or hermetically sealed chamber [19, 20] and achieve a several-nanometer or better resolution. Gas environmental chambers for TEM have imaged muscle thick filaments and myosin filaments in a hydrated state by maintaining an equilibrium with circulating water vapor [21, 22] . Furthermore, applications using liquid environmental chambers for in situ liquid TEM and STEM of biological materials under fully hydrated conditions have visualized whole cells [23, 24] , acrosomal filaments [25] and individual ferritin molecules and nanolipoprotein discs [8] .
Fortunately, the experimental design of in situ stages mimics the overall thickness and equivalent density used for cryo-EM and similar contrast levels are achievable between the two techniques. Figure 1 compares the typical sample geometry for cryo-EM and in situ liquid microscopy and details the analogous effective density and resulting contrast that occur at the edge of a 10 nm diameter globular protein. Although the overall thickness of the in situ chamber is less than the cryo-EM example, the similar contrast is due to the higher density and scattering cross-section for the silicon nitride membranes. This means that any sample that can be currently visualized with cryo-EM should be amenable to in situ experiments with the caveat each experiment will need to be modified to match the optimal fluid path length or membrane thickness to the expected sample size or desired contrast or resolution.
Spatial resolution limits for in situ liquid microscopy
All the previous publications for in situ liquid (S) TEM of biological macromolecules have realized spatial resolutions of only a few nanometers at best. However, even higher resolution will be required to fully monitor and understand protein conformational dynamics. It is clear from in situ liquid experiments studying nanoparticle growth that resolutions better than 2 Å can be achieved with current technology [16] . Other studies have revealed experimental conditions that permit atomic resolution while also permitting quantitative analysis of the liquid environment with electron energy loss spectroscopy [26] . The two main considerations for enhancing contrast and resolution are the membrane thickness used to enclose the sample and the fluid path length. Thinner versions for both parameters provide better contrast and enable higher resolution. The incorporation of aberration correction also facilitates ideal imaging conditions for obtaining high-resolution images even when the size of the sample or the thickness of the environmental cell would limit the contrast in a conventional microscope. Figure 2 shows an ideal simulated image of apo-ferritin for conventional cryo-EM image conditions as well as the simulated image for in situ liquid TEM of apo-ferritin using an aberration-corrected microscope. These simulations used optimized defocus conditions that maximized the intensity for the first Thon ring at a 0.5 nm spatial resolution with a point resolution of 0.35 nm according to the contrast transfer function.
Interestingly, the simulations and results from in situ liquid imaging inorganic materials indicate that a much better resolution should be achieved for biological samples than actually reported. However, that assumption fails to account for the flexibility and mobility of biological samples which appear to limit the attainable spatial resolution with conventional in situ liquid microscopy. Figure 3 illustrates this effect where particles that moved during the scanning process are seen as intermittent streaks rather than circular particles with a denser core. Whether these particles move because of Brownian motion, local fluid flow or beam-induced charging is a topic for discussion and further research. For example, if the observed movement of 2-5 nm during the 50 ms image acquisition was solely due to Brownian motion, a displacement of 2000 nm would be expected [27] . The three orders of magnitude difference in displacement suggests that the ferritin molecules in Fig. 3 may have experienced inhibited Brownian motion possibly due to the wall effect caused by the close proximity of two (possibly charged) silicon nitride membranes. Alternatively, the electron beam may have created a localized electrophoretic field that dominated or impeded Brownian motion. Recent work focused on nanoparticle nucleation and growth [28] and nanoparticle motion [29] has begun laying the foundation for experiments aimed at quantifying and understanding electron beam effects for in situ liquid microscopy. Interestingly, the research involving nanoparticle motion, as a function of electron dose, determined that the observed motion of platinum nanoparticles was significantly slower than that expected from Brownian motion and that electrophoretic charging was the dominant force [29] . While the similarities in results are intriguing, further experiments will be required to fully understand the mechanism of displacement for biological samples. Nevertheless, if the movement follows a linear trend, then faster imaging conditions could mitigate the effective image blur by interacting with the sample on a short enough timeframe that the particle appears to be static.
Temporal resolution and the second-generation dynamic TEM
Dynamic Transmission Electron Microscopy is a burgeoning technology that combines pulsed laser systems with the electron optics of a standard TEM to capture images of reactions on fast timescales. Researchers at Technische Universität Berlin were the first to begin to appreciate the benefits of such a capability and their system achieved a 100 nm spatial resolution at 10 ns [30] . The development of the first-generation DTEM at Lawrence Livermore National Laboratory improved the spatial resolution to 5 nm at 15 ns [31] . While both of these instruments have yielded novel insights into the salient dynamics of inorganic material microstructure, the spatial resolution performance is not well suited for biological samples. Case in point, a resolution of 5 nm would not visualize differentiating details between two protein particles that are 4 nm in diameterthe average size for eukaryotic proteins [6] .
Therefore, a new second-generation DTEM is currently being installed at Pacific Northwest National Laboratory that is optimized for biological and organic materials. The four main technological advancements that improve the performance of the second-generation DTEM beyond the capabilities of its predecessor are the incorporation of spherical aberration correctors, an improved integration of the laser systems, a higher brightness gun and the use of phase plates to enhance image contrast. Fig. 4 shows a schematic illustration of the secondgeneration DTEM. In brief, the pulsed cathode drive laser irradiates a photocathode source (a hairpin of a low work function metal, e.g. tungsten, tantalum, zirconium) with a photon energy greater than the target work function. A flux of electrons is then produced via photoemission with approximately the same time duration as the stimulating laser pulse. After this photoemission process, the microscope processes the emitted electron 'packet' in the traditional way (acceleration, focusing, magnification, detection, etc.). This means that images can be obtained with the same time resolution as the pulse durationwhich is currently set by the user at any time between 1 µs and 10 ns. If the photoemission pulse is synchronized with a second laser that stimulates the sample, in situ pump-probe reactions can also be initiated and studied with high time precision.
The single shot approach enabled by the DTEM means that the process being studied need not be perfectly reversible as all the information is obtained from a single specimen drive event; this type of imaging is required to observe events in liquids. However, the limitation to this method is that space-charge effects in the beam can lead to degradation of resolution, and even with an optimized microscope source, column and detector the high current will limit the overall temporal and spatial resolution of the instrument. The key to using this single-shot approach is therefore to optimize the components in the microscope to define the space-charge limited resolution of the instrument. The use of an arbitrary waveform generator to vary the temporal duration of the probe pulse between the nano-and microsecond timeframe permits flexibility for optimizing the temporal resolution for each experiment or minimizing spacecharge effects that degrade spatial resolution [32] . Additionally, the combination of an aberration corrector and phase plate in the second-generation Fig. 4 . Illustration of the second-generation Dynamic TEM being installed at PNNL that is optimized for biological imaging.
DTEM is intended to ensure that the maximum possible contrast and highest spatial resolution can be achieved. The increase in contrast for lower spatial frequencies afforded by a phase plate can significantly improve the ability to visualize biological samples within the liquid stage and this effect is exacerbated when combined with aberration correction [33] . In the case of a DTEM, the incorporation of a spherical aberration corrector has a two-fold effect on the spatial resolution. First, the spatial resolution ( point resolution and information limit) of the microscope is increased by accurately correcting all first-to third-order aberrations. Second, aberration correction allows larger aperture angles to be used during imaging, which can significantly help reduce space-charge effects for nanosecond pulses by allowing the beam to be spread over a larger area and decrease the lateral distance between nearby electrons.
Outrunning beam-induced movement and Brownian motion
As mentioned earlier, the rate at which images can be acquired needs to be improved in order to observe conformational dynamics at high spatiotemporal resolution while avoiding blurring artifacts due to particle mobility. Conventional microscopes have only one electron present in the column at any given time and thus long exposure times are necessary to collect the requisite number of electrons to form a well-contrasted image. Most cryo-EM images use a dose of 5-20 electrons per Å 2 . Although faster readout speeds on a sub-ms timescale may become possible with new detector technologies [34] , fast image acquisition will be limited by the electron doses emitted with a field emission source and tolerated by the sample. Based on the typical maximum probe current of 100 nA for Schottky field emission sources, acquisition times as short as 150 μs may be possible for an imaging dose of five electrons per Å 2 with a beam diameter of 0.5 μm.
However, more conventional microscope conditions use a probe current of 10 nA and in either case, accidental prior illumination of the area of interest would destroy the sample since the total dose per second is >31 500 electrons per Å 2 . Additionally, particle mobility due to Brownian motion and charging can still be significant on the 150 μs timescale.
Thus, to fully outrun these limiting artifacts, fast imaging with a pulsed electron source is required. Fortunately, the second-generation DTEM will operate in single-shot mode with temporal durations of 10-1000 ns and contain more than 10 9 electrons in each pulse. Each pulse contains all the electrons necessary for image formation. For example, a pulse of 10 9 electrons can be expanded to a beam diameter of 1.6 μm and still produce an image with a dose of five electrons per Å 2 . Future improvements in the gun brightness are expected to permit microsecond duration pulses containing 10 10 -10 11 electrons that would provide even more flexibility for imaging conditions. Furthermore, compared with conventional microscopes where fast imaging would require high-dose conditions, the pulsed imaging mode allows expansion of the beam diameter to lower the corresponding dose per pulse. Broadening a pulsed beam containing 10 9 electrons to a diameter of 16 μm would cut the dose per pulse down to 0.05 electrons per Å 2 .
Improving spatial resolution for cryo-EM
While the temporal resolution of the DTEM offers options for outrunning particle mobility that adversely affect in situ liquid imaging, it also has the potential to improve the spatial resolution of cryo-EM. Two of the main limitations that currently inhibit routine atomic resolution imaging of biological samples using cryo-EM are due to the interaction of the specimen with the electron beam. Beam-induced movement and radiation sensitivity degrade the overall resolution for direct images and 3D reconstructions [35] . The degrading effects of these phenomenon increase at higher tilt angles and with increasing cumulative dose [36] . For electron crystallography of membrane proteins, the beam-induced movement at high tilt angles typically limits the resolution of a final 3D reconstruction to a lower value than the order of the 2D crystal would allow. However, these effects are currently observed for beam/specimen interaction times of several milliseconds or longer. Using DTEM, the time dependence of this beam/specimen interaction can be interrogated to determine whether a fast pulse of electrons could effectively outrun these image-degrading processes. This would be similar to the 'diffract-and-destroy' method developed with femtosecond duration X-ray free electron lasers [5] . Even if true 'diffract-and-destroy' conditions cannot be fully realized on micro-or nanosecond timescales to outrun radiolysis damage, the beaminduced movement for tilted samples should be mitigated with microsecond or faster pulses. Currently, movement of tilted crystals occurs on the scale of 1-5 angstroms for images collected over 100-500 ms [36] . The effect is exacerbated with longer exposures in a nearly linear manner. This means that pulses on a microsecond timescale should correspond to in-plane movements far below the sensitivity of the camera system unless pulsed imaging mode alters the interaction and causes a non-linear explosive movement on a microsecond or on a faster timescale. If diffractand-destroy conditions are possible, the ability to probe the sample with many more electrons than currently tolerable would increase the attainable contrast and spatial resolution for any cryo-EM sample.
Improving reliability of linking structure with function through pump-probe capabilities
In addition to improving the temporal resolution for imaging reactions in real time, the DTEM also enables a pump-probe experimental regime. This is an important parameter for observing fast reactions since reproducibility and interpretability depend on synchronization of all samples prior to initiating or triggering the reaction. This capability has already been demonstrated for material science samples such as reactive multilayer foils where the exothermic mixing of alternating nickel and aluminum layers is induced with a 10 ns laser pulse [37] . Although these previous DTEM experiments were performed under vacuum conditions, they showcase the ability to observe transient structures that are undetectable by other methods. This pumpprobe imaging scheme has also been applied toward in situ liquid studies of lead sulfide (PbS) nanoparticle growth from a complex solution. Aberration-corrected in situ liquid microscopy proved that PbS nucleation and growth could be driven by the high-energy electrons used to form images. Unfortunately, using the imaging electrons to reduce the thioacetamide precursor removes the synchronization aspect for pump-probe experiments that will be critical to reliable interpretation of the underlying mechanisms. However, the first-generation DTEM was able to decouple the initiation of nanoparticle growth from the imaging electrons and instead rely on a single 532 nm laser pulse to drive the specific decomposition of thioacetamide [16] .
For biological purposes, the sample drive laser of the DTEM can be used to trigger localized temperature jumps, photoactivation of light stimulated proteins or photolysis of caged ligands or cofactors. The conformational changes can then be observed with either direct imaging or diffraction using micro-or nanosecond duration electron pulses. Figure 5 shows a simulation of the type of data expected from pulsed diffraction experiments. For this simulation, a 2D crystal of bacteriorhodopsin would be adhered to one of the silicon nitride membranes of the in situ liquid stage and kept hydrated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . for the entire experiment. After aligning the microscope and identifying an area of interest, an initial diffraction pattern of the bacteriorhodopsin ground state would be acquired. Subsequently, a 532 nm laser pulse would illuminate the crystal and initiate the photocycle. Approximately 50 μs after the sample drive laser pulse, the probing electrons would interact with the specimen and provide a diffraction pattern of the M-intermediate conformational state for bacteriorhodopsin. Additional experiments would be performed with varying delays between the pump and probe pulses to build a movie of conformational states as a function of time. While bacteriorhodopsin is a fairly wellknown test case, the same experimental setup can be used for proteins of unknown structure or dynamics. For example, the conformational gating of energy transducing membrane proteins can be triggered by the sub-ns photorelease of caged calcium or zinc in the surrounding liquid environment to identify the structural changes and critical amino acids involved in enhancing the reduction of insoluble minerals or heavy metal contaminants.
Conclusions
The ability to visualize molecular details of live biological processes is close to becoming a reality. In situ liquid chambers have progressed to the point that atomic resolution is possible with real-time observations of nanoparticle dynamics. Although biological samples have not achieved this same resolution, the discrepancy is largely due to the flexibility of proteins, and therefore, faster temporal resolutions should effectively freeze-out this motion without requiring physical freezing. The integration of advanced technologies into the second-generation DTEM promises optimized conditions for imaging biological and organic samples on micro-and nanosecond timescales. The future coupling of in situ liquid stages with a biologically centric DTEM has the possibility of revolutionizing structural biology using electrons and providing direct synergy to the pump-probe capabilities of femtosecond X-rays.
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